Objective: To perform a systematic review of published literature on adrenal biopsy and to assess its performance in diagnosing adrenal malignancy. Methods: Medline In-Process and Other non-Indexed citations, MEDLInE, EMBAsE, and cochrane central Register of controlled Trial were searched from inception to february 2016. Reviewers extracted data and assessed methodological quality in duplicate. Results: We included 32 observational studies reporting on 2174 patients (39.4% women, mean age 59.8 years) undergoing 2190 adrenal mass biopsy procedures. Pathology was described in 1621/2190 adrenal lesions (689 metastases, 68 adrenocortical carcinomas, 64 other malignancies, 464 adenomas, 226 other benign, 36 pheochromocytomas, and 74 others). The pooled non-diagnostic rate (30 studies, 2013 adrenal biopsies) was 8.7% (95%cI: 6-11%). The pooled complication rate (25 studies, 1339 biopsies) was 2.5% (95%cI: 1.5-3.4%). studies were at a moderate risk for bias. Most limitations related to patient selection, assessment of outcome, and adequacy of follow-up. Only eight studies (240 patients) could be included in the diagnostic performance analysis with a sensitivity and specificity of 87 and 100% for malignancy, 70 and 98% for adrenocortical carcinoma, and 87 and 96% for metastasis respectively. Conclusions: Evidence based on small sample size and moderate risk of bias suggests that adrenal biopsy appears to be most useful in the diagnosis of adrenal metastasis in patients with a history of extra-adrenal malignancy. Adrenal biopsy should only be performed if the expected findings are likely to alter the management of the individual patient and after biochemical exclusion of catecholamine-producing tumors to help prevent potentially life-threatening complications.
commonly employed imaging modalities, computed tomography (CT) and magnetic resonance imaging (MRI) (3, 4) . Pre-test probability of an indeterminate adrenal mass being malignant is much greater in a patient with a history of extra-adrenal malignancy, in some series described as high as 50-75% (5, 6, 7, 8, 9, 10) . Justifiably, in such circumstances, additional investigations are warranted, especially if a definitive diagnosis alters the management in the patient concerned. Other indicators of possible underlying malignancy are adrenal mass size and accelerated interval tumor growth; however, their predictive value has been either insufficiently investigated or found to have low specificity (11, 12) . The current approach to patients with a newly discovered adrenal mass in the context of a history of extra-adrenal malignancy includes follow-up interval imaging to assess tumor growth, additional imaging studies such as FDG-PET, and/or referral for image-guided adrenal biopsy.
Pathologists regularly struggle to differentiate a benign from a malignant adrenocortical or adrenomedullary mass even when having the entire tumor specimen available; therefore, an adrenal biopsy usually does not have a role in the differential diagnosis of true adrenal incidentalomas. However, in the context of patients with a history of an extra-adrenal malignancy undergoing follow-up monitoring or diagnostic work-up, an adrenal biopsy can confirm an adrenal metastasis without delay. Much more rarely, a diagnostic adrenal biopsy may avoid unnecessary surgery by identifying other underlying pathologies such as primary adrenal lymphoma, infection, or hemorrhage. However, adrenal biopsy is an invasive, expensive procedure with a potential for non-diagnostic results and complications. Rates of non-diagnostic adrenal biopsy rates have been reported to vary widely (8, 13, 14, 15) , although it is unclear what factors influence this outcome. Adrenal biopsy complications vary in severity with both immediateand delayed-onset complications as described previously (16, 17, 18) . In addition, if clinicians fail to biochemically exclude the presence of pheochromocytoma before biopsy, an unplanned biopsy of a catecholamine-producing tumor can result in severe complications (19, 20) .
The performance of adrenal biopsy in making the diagnosis of malignancy is unclear. Published studies investigating diagnostic parameters of adrenal biopsy include a small number of participants and employ a variety of adrenal biopsy techniques. Moreover, the results of adrenal biopsy are compared with a reference standard that varies considerably between studies, thus making any confident conclusions impossible.
Our objectives were as follows:
1. To systematically review the published literature on adrenal biopsy with a special attention to patient populations, indications of adrenal biopsy procedural descriptions. 2. To quantify the rate of non-diagnostic adrenal biopsies. 3. To describe and quantify complications ensued from the adrenal biopsy procedure. 4. To establish the performance of adrenal biopsy in the diagnosis of malignancy.
Methods
This systematic review was conducted based on the standard methods recommended by the Cochrane Collaboration for Systematic Reviews of Diagnostic Test Accuracy (21) and followed a predefined protocol. This report follows the standards set in the Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) statement (22) and reports on the diagnostic accuracy of adrenal biopsy in malignant adrenal masses and also on the non-diagnostic rates and complication rates for the adrenal biopsy procedure.
Data sources and searches
A comprehensive search of several databases from each database's inception to 24 February 2016, for English language articles was conducted. The databases included Medline In-Process & Other Non-Indexed Citations, MEDLINE, EMBASE, and Cochrane Central Register of Controlled Trials. The search strategy was designed and conducted by an experienced librarian with input from the principle investigator (IB) of the study. Controlled vocabulary supplemented with keywords was used to search for original research of adrenal biopsy, percutaneous fine-needle aspiration of adrenal mass, or core adrenal biopsy. The full search strategy is available in Supplementary Table 1 , see section on supplementary data given at the end of this article. The reference lists from primary studies and narrative reviews were searched, and we included any manually identified additional references that might have been missed by our initial search strategy.
Reviewers working independently and in duplicate reviewed all abstracts and selected full-text manuscripts for eligibility. Disagreements at full-text screening were resolved by consensus.
Study selection
We searched for randomized clinical trials, observational studies, and case series describing experience with adrenal biopsy procedure in patients with adrenal tumors and reporting one or more of the following outcomes: (i) complication rate of adrenal biopsy procedure, (ii) nondiagnostic rate of adrenal biopsy procedure (failure to obtain sufficient tissue material to make histological diagnosis), and/or (iii) diagnostic performance of adrenal biopsy. We included only studies in English language that reported data on more than ten patients undergoing any kind of adrenal biopsy procedure. Case reports and case-control studies were excluded. Adrenal biopsy was defined as nondiagnostic when the amount of tissue material generated from the adrenal biopsy was insufficient to obtain a histopathological or cytological diagnosis. We accepted any definition of complications reported by the authors.
For the diagnostic accuracy analysis of adrenal biopsy, we included only studies fulfilling the following criteria:
1. Reference standard (a) includes either (i) histology following adrenalectomy or autopsy, (ii) imaging follow-up after 3-12 months, or (iii) clinical follow-up for at least 2 years. (b) is reported for at least 50% of patients with malignant adrenal masses (disease positives) and at least 50% of patients with benign adrenal masses (disease negatives) undergoing adrenal biopsy. 2. Studied population included fewer than 30% patients in whom the adrenal lesion could not be conclusively classified as either benign or malignant.
Data extraction
Data extraction was carried out independently and in duplicates by independent pairs of reviewers (I B, D D, S T, M S, and F A) using DistillerSR software from Evidence Partners (23) to collect information from each eligible study. For each study, the following were collected: last name of the first author and year of publication, the country where the study was conducted, study objective, type of study, study population, time interval of patient enrollment, inclusion and exclusion criteria, patient age and gender, number of patients who underwent biopsy, number of adrenal biopsies (CT guided, US guided, endoscopic US guided, and others), needle gauge, number of needle passes, non-diagnostic biopsies, adrenal mass characteristics related to malignant and benign categories and subcategories (number, tumor size, reference standard, and complications), and diagnostic accuracy parameters for adrenal biopsy. Discrepancies in data extraction were resolved by consensus or by a third reviewer.
Quality assessment
Authors working independently and in duplicates analyzed the full text of articles eligible for diagnostic accuracy to assess the reported quality of the methods. For the studies selected for diagnostic accuracy analysis, we assessed the risk of bias and the applicability of findings related to patient selection, index test, reference standard using QUADAS-2, and the current best tool for quality assessment of studies of diagnostic accuracy in systematic reviews, tailored to the review topic. Patient flow, timing, and exclusion, a part of QUADAS-2, were not assessed, as they were not relevant to our topic. Patient selection was regarded at a high risk of bias if consecutive or random selection was not used, or patients were selected from an adrenalectomy database, or case-control design was used, or patients were inappropriately excluded based on tumor size or specific imaging characteristics, or difficult to diagnose patients. Index Test ( adrenal biopsy) interpretation was considered at a high risk of bias when it was reviewed knowing the results of the reference standard. Reference standard implementation was considered at a high risk of bias if the final diagnosis of malignancy was reached without histopathology or if any benign diagnosis was reached by imaging follow-up of less than 6 months (in patients without histopathology).
High concern about applicability was noted for studies where adrenal biopsy procedure and interpretation were not described in sufficient detail to allow replication or if some patients could not be disaggregated (more than 10% pheochromocytomas or neuroblastomas, etc.) in the disease-negative group, and/or up to 10% of 'benign' tumors (cysts, myelolipomas, etc.) were included as disease positive.
For observational studies reporting complications, quality was assessed for several parameters: representativeness of patient sample, ascertainment of complication, and the length and adequacy of follow-up were noted for each study. An overall judgment for each of these elements of low, moderate, or high risk of bias was made. 
Data synthesis and statistical analysis
We investigated the relationship between complications and non-diagnostic adrenal biopsies to the experience at the institute (the number of biopsies per year as a surrogate marker) by liner regression model. Heterogeneity between the studies was assessed using the I 2 statistic. Meta-analysis was conducted by fitting a two-level mixed logistic regression model, with independent binomial distributions for the true positives and true negatives within each study, and a bivariate normal model for the logit transforms of sensitivity and specificity between the studies. The analysis was done using STATA, version 14 (StataCorp). We estimated sensitivity, specificity, positive and negative likelihood ratios, and diagnostic odds ratios (DORs), with 95% confidence intervals (CIs).
Results

Included studies
A total of 173 references were identified with the initial database screening. Reference list screening of the primary studies yielded two more references. Of the 175 studies, 95 were excluded based on abstract screening and the remaining 80 full-text papers were reviewed. Of these, 32 studies (7, 8, 9, 10, 13, 16, 17, 19, 21, 22, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42) reported at least one outcome of interest and were included. Studies were primarily excluded due to no outcome of interest (n = 19), <10 patients (n = 12), abstract only without subsequent full paper publication (n = 8), patient overlap (n = 7), ex vivo biopsy (n = 1), and case-control study (n = 1). Only eight studies (8, 13, 32, 33, 36, 37, 38, 42) were included for the diagnostic accuracy analysis, reasons for exclusion being lack of any or optimal reference standard for at least 50% patients (n = 20) or more than 30% patients with adrenal lesions that could not be classified as either benign or malignant in benign cohort (n = 4), Supplementary Fig. 1 . The chance-adjusted inter-reviewer agreement was calculated using the statistic for abstract (κ = 0.64) and for full-text screening (κ = 0.97).
The summary characteristics of the included studies are presented in Table 1 . A total of 2174 patients per study) were reported to undergo adrenal biopsy. Patient age ranged between 1.2 and 88 years (16, 31) that reported sex). The study population included mainly patients with established or suspected extraadrenal malignancy (15 studies, 1110 patients); selected populations with indeterminate masses, specific size thresholds, and patients undergoing adrenalectomy (five studies, 198 patients); and all comers (12 studies, 866 patients). However, even in "all comers," the prevalence of malignant adrenal masses ranged between 18 and 70% (13, 25, 26, 28, 30, 32, 41) , suggesting a highly selected population (Table 1) . Information on a total of 2190 adrenal biopsies (13-277 per study) was reported in 32 studies ( Table 2 ). Most of the biopsies were performed either in the USA (n = 1390, 63%; 15 studies) or in Europe (n = 731, 33%; 13 studies). The mean diameter of the mass was 3.9 cm. Adrenal biopsy was performed under computed tomography (CT) guidance in 985 (45%) patients (17 studies), under ultrasound (US) guidance in 265 (12%) patients (11 studies), through endoscopic ultrasound in 300 (13.7%) patients (5 studies), and a mixture of CT and US guidance in 48 (2.2%) patients. In 592 (27%) procedures, the type of image guidance was not reported ( Table 2) . Needle gauge used for adrenal biopsy ranged from 16 to 25 gauge, although 22 gauge was most frequently employed. Number of needle passes ranged from 1 to 7 passes per procedure, with most studies reporting 3-4 passes on an average per procedure.
The pathology of adrenal lesions (confirmed by reference standard where available) was reported only for 1621/2190, 74% cases. Out of these, 828 (51%) were classified as malignant lesions, 718 (44%) as benign, while the remaining 75 (5%) were not classified as either benign or malignant.
Of the 828 malignant lesions, the majority were metastases of an extra-adrenal malignancy (n = 689, 83%), with the rest representing adrenocortical carcinomas (n = 68, 8%), primary adrenal lymphomas (n = 17, 2%), neuroblastomas (n = 7, <1%), other malignant lesions (n = 4, <1%), or not specified (n = 43, 5%). The specific extra-adrenal primary tumor from which the adrenal metastases originated was reported in 517 cases: lung (n = 348, 67.3%), kidney (n = 39, 7.6%), melanoma (n = 16, 3%), 12 (2.3%) each from liver, breast and colon, 11 (2.1%) from esophagus, six (1.2%) from bladder, and five (1%) from pancreas. The remaining metastases (56, 10.8%) were from unknown primary, squamous cell carcinoma, multiple myeloma, stomach, pancreas, osteosarcoma, ovary, and stomach. After excluding lung cancer only studies, in 17 studies reporting on the origin of 409 metastatic lesions, the three most common malignancies were lung (234, 57%), gastrointestinal (43, 10.5%), and kidney (42, 10%) cancers (Table 3) .
Of the 718 benign lesions, 464 (65%) were reported to be adrenocortical adenomas, 12 (1.7%) were myelolipomas, seven (1%) were cysts, five (<1%) were ganglioneuromas, four (<1%) were hematomas, while 226 (31%) were reported as "benign"; however, the underlying distinct pathology was not specified by authors (and possibly included benign adrenal lesions other than adrenocortical adenomas).
The remaining 75/1621 (%) lesions that were not classified as either benign or malignant adrenal lesions included pheochromocytomas (n = 36), infection (n = 29; histoplasmosis n = 15 and tuberculosis n = 14), and others (n = 10) ( Table 1) . The pooled non-diagnostic rate derived from 30 studies (2013 adrenal biopsy procedures) was 8.7% (CI: 6.2-11.2%; I 2 = 84%, P < 0.001) (Fig. 1) . Correlation with needle gauge or number of passes used was not possible due to underreporting and variability of the techniques used. No relationship between non-diagnostic rates and the number of adrenal biopsies performed in a year (reflecting center experience) was observed (R 2 = 0.0175).
The pooled overall complication rate derived from 25 studies (1339 biopsies) was 2.5% (CI: 1.5-3.4%; I 2 = 19%, P = 0.195) (Fig. 2) . Reported practices for detection and monitoring of complications varied in the studies. Major complications (those requiring hospitalization/ intervention) were adrenal hematoma (n = 7), pancreatitis (n = 2), pneumothorax requiring chest tube placement (n = 2), hemothorax (n = 1), perirenal hematoma (n = 1), duodenal hematoma (n = 1), and hypertensive crisis (n = 1), and minor complications (self-limiting/not in need of intervention or hospitalization) included pneumothorax (n = 12), hematomas (perinephric (n = 2), intra-hepatic (n = 2), subcapsular (n = 1), and others (n = 3)), self-resolved pain (n = 4), hypertensive episodes (n = 2), abdominal discomfort (n = 2), asymptomatic self-limited hypotension and bradycardia (n = 2), nausea (n = 1), mild hematuria (n = 1), hemothorax (n = 1), and severe pain requiring analgesics (n = 1). All three hypertensive events were described in patients with pheochromocytomas (two of which were apparently non-secreting). Only one study reported a delayed-onset complication (needle track metastasis seeding (n = 1)) (16) . None of the four studies using endoscopic ultrasound (EUS) and providing information on complications recorded any complications ( Table 2) . No relationship of the complication rate to the number of adrenal biopsies performed in a year was observed (R 2 = 0.0055). *defined as failure to obtain sufficient amount of cytology material to make a diagnosis.
Diagnostic accuracy analysis
An appropriate reference standard was reported for 1096 adrenal masses and included pathology after adrenalectomy or autopsy in 308 (28%) and either imaging or clinical follow-up of 1-60 months (when reported) ( Table 1 ). The diagnostic performance of adrenal biopsy was calculated using the data from the eight studies (240 adrenal biopsy procedures) meeting pre-established eligibility criteria. Diagnostic performance was calculated separately for adrenocortical carcinoma and metastases of an extra-adrenal primary tumor when disaggregation of patient data was possible.
The accuracy was assessed for diagnosing adrenocortical carcinoma (four studies, n = 107), metastasis of an extraadrenal primary tumor (five studies, n = 131), and for overall malignancy (seven studies, n = 217). The sensitivity of adrenal biopsy for diagnosing any malignancy was 87% (78-93%) and the specificity was 100% (76-100%). For diagnosing adrenocortical carcinoma, the sensitivity was 70% (42-88%) and specificity was 98% (86-100%).
For diagnosing metastasis of an extra-adrenal primary malignancy, sensitivity was 87% (74-94%) and specificity was 96%. Additional diagnostic accuracy measures (likelihood ratios and diagnostic odds ratios) are presented in Table 4 .
Methodological quality
Methodological quality was assessed by the QUADAS-2 tool in the eight studies included in diagnostic accuracy meta-analysis ( Supplementary Fig. 2) . Limitations of the studies were not including consecutive or random patient population for biopsy studies and inappropriate exclusion of patients. These limitations increased the likelihood of bias in patient selection. The risk of bias for index test was low and risk of bias for reference standard was low to unclear for most of the included studies. The concerns for applicability in index test and the reference standard were low in majority of the studies.
The quality of studies assessed by the Newcastle Ottawa quality assessment tool for studies reporting complications suggested the studies to be at a moderate risk for bias, most limitations related to patient selection, assessment of outcome, and adequacy of follow-up of the study population. Adrenal biopsy-related complications.
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Discussion
We present a systematic review of published experience with adrenal biopsy. Notably, although 32 studies report at least one outcome of adrenal biopsy, mainly due to suboptimal reference standard, we were only able to use data from eight studies (240 biopsies) to calculate the diagnostic accuracy parameters for adrenal biopsy. Based on these limited numbers, we estimated that adrenal biopsy has 87% sensitivity and 100% specificity for the overall diagnosis of malignancy. Similar performance was noted for the diagnosis of metastases (sensitivity 87% and specificity 96%). Lower performance of adrenal biopsy in diagnosing adrenocortical carcinoma (sensitivity 70% and specificity 96%) could be explained by the well-known difficulties and challenges in differentiating between adrenocortical adenoma and carcinoma even when the entire tumor specimen is available. In addition, in the case of a biopsy, it is more likely that tissue material is insufficient to apply all criteria for applying the Weiss score system that is usually used for discriminating benign from malignant adrenocortical masses. All estimates are based on data derived from a fairly small sample size and 95% confidence intervals are wide. In addition, high risk of bias was observed especially in the patient selection domain of quality assessment raising concerns with the applicability of these findings. Moreover, it is important to note that all diagnostic performance estimates are based only on "diagnostic" adrenal biopsies (where sufficient amount of cells was obtained).
The rate of non-diagnostic biopsy varied significantly between studies from 0 to 28% with quite a high pooled rate of 8.7%. In the majority of cases, a repeat adrenal biopsy was not performed. It is likely that the experience of the radiologists, adrenal biopsy technique, and the type of tumor biopsied influenced the likelihood of nondiagnostic biopsy (although we could not prove this in our analysis). However, it is obvious that additional factors (such as lack of applying the Weiss score upon pathological assessment) are also important, as illustrated in the ex vivo study by Saeger et al., in which 10% of biopsies were non-diagnostic (44) .
The pooled rate of complications was relatively low at 2.5%. However, most studies failed to describe in detail the information on how complications were collected and assessed. It is also likely that the retrospective nature of included studies contributed to the low pooled rate of complications. Adrenal biopsy is an invasive procedure, and in some studies, the rate of adverse events such as pneumothorax, pain, and adrenal hemorrhage was as high as 13.6% (13, 39) . We have not found a correlation between the adrenal biopsy volume/year (as a surrogate marker for radiologist's experience) and the number of complications. In addition, adrenal biopsy technique could play a role, although we could not perform this analysis based on the data provided. Of note, in four out of five studies done by the EUS-FNA technique, there were no complications related to the procedure. However, again the sample size was limited with a total of 300 biopsies.
Inadvertent biopsy of pheochromocytomas can release catecholamines that may lead to severe adverse events (20) . A significant number of patients presenting with chromaffin tumors were reported in our review. Most lacked biochemical screening for exclusion of pheochromocytoma before the adrenal biopsy, resulting in several clinically significant hypertensive episodes. Endocrine evaluation before the adrenal biopsy (or at least biochemical screening with metanephrines) should be instituted as a standard of care, as the adrenal biopsy procedure in a patient with pheochromocytoma is both unnecessary and dangerous.
Strengths and limitations
This is the first systematic review addressing the performance of adrenal biopsy. The strengths of this systematic review include an in-depth comprehensive literature search, a focused review question, duplicate review, pre-planned analysis, and stringent inclusion criteria in terms of reference standard for diagnostic accuracy analysis to reduce bias. We acknowledge that our review has several limitations. The study population and adrenal biopsy procedure described in the studies included in our review were heterogeneous, which lowers our certainty in metaanalytic estimates. Another significant limitation was that most of the studies did not have optimal reference standard. The histological diagnoses included in the "benign adrenal biopsy" category varied in between studies. We limited this bias by excluding studies with more than 30% of lesions that could not be classified as benign (such as pheochromocytomas) in the benign cohort.
Definition and reporting of complication rates and non-diagnostic rates were inconsistent among the studies. We were not able to perform the subgroup analyses as we had planned related to needle gauge, number of passes, and imaging technique used to perform biopsies due to heterogeneity and insufficient information available.
It is important to note that most of the included studies were performed in large medical centers and could potentially overestimate the performance of adrenal biopsy; however, the authors' opinion is that such a procedure should indeed be limited to highly specialized adrenal centers.
Conclusion
Adrenal biopsy should be sparingly applied, as it is an invasive procedure with variable diagnostic performances and an appreciable non-diagnostic and complication rate. Adrenal biopsy appears to be most useful for the diagnosis of adrenal metastasis in patients with a newly detected adrenal mass and a history of extra-adrenal malignancy. The recommendation of the recent European Society of Endocrinology Guideline Panel on the management of adrenal incidentalomas (48) is that an adrenal biopsy should only be performed if the expected findings are likely to alter the management of the individual patient and after biochemical exclusion of catecholamine-producing tumors to help prevent potentially life-threatening complications (20) . Prospective multi-center studies with detailed recording of adrenal biopsy procedures and outcomes following a pre-agreed diagnostic algorithm would be highly valuable to more accurately determine the diagnostic performance and factors determining the rates of non-diagnostic biopsies and complications associated with the procedure.
